In vitro nuclear protein phosphorylation is enhanced i nuclei isolated from 2,4-dkcorophenoxyacetic acid (2,4-D)-treated mature soybean (Glycine mar) hypocotyl reltive to nuclei from untreated tise. Evidence derived in numerous systems is compatible with the hypothesis that at least some chromosomal proteins participate in transcriptional regulation. Changes in the types and quantities and various modifications of these proteins (e.g. methylation, acetylation, phosphorylation, and thiolation) occur during passage through the cell cycle and during periods of increased template transcription (for reviews, see refs. 14 and 21). Histones were first shown to restrict template activity in 1962 (9). In view of their general lack of species and tissue specificity, histones are now thought to play primarily structural roles (21), thereby resulting in general template restriction. In contrast, nonhistone proteins by virtue of their heterogeneity and tissue and species specificity may participate more specifically in gene regulation (14, 21 (27) .
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Since the initial observation that proteins isolated from lymphocyte nuclei were rich in phosphoserine (16) , numerous correlations between increased chromosomal protein phosphorylation and gene activity have been observed (14) . Transcription of rat liver chromatin by homologous RNA polymerase is stimulated by the addition of nonhistone phosphoprotein but not affected by dephosphorylated nonhistone protein (33) . Dephosphorylation of Hela cell nonhistone protein prior to chromatin reconstitution results in a 50% reduction in the total number of sites available for initiation of transcription and an 80% reduction in the availability of histone genes for transcription (37) . Keller et al. (12) have found a protein kinase activity associated with transcriptionally active chick oviduct chromatin, and increased protein kinase activity in nuclei has been shown to be correlated with activation of RNA synthesis in various rat tissues (4, 5) .
Little information on nuclear protein phosphorylation in higher plants is available. van Loon et al. (41) have evaluated in vitro and in vivo chromatin protein phosphorylation in Lemna and in barley. Patterns of protein phosphorylation change during barley germination, although roots and shoots show similar profiles at any developmental stage. Chapman et al. (2) have shown that abscisic acid decreases nuclear protein kinase activity and causes altered phosphorylation profiles in Lemna. Kinetin stimulates in vivo protein phosphorylation in both cabbage and tobacco, but inhibits phosphorylation in vitro in nuclei and chloroplasts. Both tobacco and cabbage ribosomes contain protein kinase activities which are not affected by either cAMP, IAA, or gibberellic acid (27) .
Application of the synthetic auxin, 2,4-D, to etiolated soybean seedlings causes very large increases in RNA synthesis in the mature region of the hypocotyl (13) . Ribosomal RNA is preferentially synthesized in response to 2,4-D treatment (10, 13) , and this increase is associated with a 5-to 8-fold increase in RNA polymerase I activity (8) . While auxin does increase the synthesis of all species of RNA including short lived mRNA and heterodisperse nuclear RNA (13), RNA polymerase II activity is enhanced less than 30% if at all (8) . While increased RNA polymerase I activity may account for the increase in rRNA synthesis, changes in the level of RNA polymerase II alone do not seem sufficient to explain the increased synthesis of heterodisperse nuclear RNA and mRNA. Alteration of chromatin template availability is one mechanism by which 2,4-D could affect the synthesis of informational RNA without requiring increased RNA polymerase II activity. Such a model would be consistent with results indicating that chromatin isolated from IAA-treated lentil roots is more available for in vitro transcription by RNA polymerase II than is chromatin from untreated roots (38) .
If chromatin template alterations are involved in 2,4-D-enhanced RNA synthesis in soybean, differences in chromosomal proteins and in their phosphorylation might be expected. Data presented here suggest that, concomitant with the 2,4-D en-hancement of RNA synthesis, there are increases in the phosphorylation of several nuclear protein fractions in soybean, but no dramatic differences in the types of proteins associated with chromatin.
MATERIALS AND METHODS
Plant Material. Soybean seeds (Glycine max, var. Wayne), purchased from Noble Brothers Seed Co., Gibson City, Ill., were germinated in moist vermiculite after pretreatment for 5 min in 10% (v/v) Clorox. Seeds were dark-grown for 5 days, or 6 days when 72-hr 2,4-D-treated seedlings were required, in a growth chamber at 28 C. At specified times prior to harvest, "treated seedlings" were sprayed to runoff with 2.5 mm, 2,4-D (pH 6). Mature hypocotyl tissue from 0.5 cm below the cotyledon to 1 cm above the first secondary root was harvested and chilled to 4 C. Except where specified, all operations were carried out at 0 to 4 C and all buffers contained PMSFP to minimize protease activity. Chromatin Isolation. Chromatin was isolated by a modification of the method of Huang and Bonner (9) and described by Lin et al. (18) . One hundred g of tissue were homogenized in 200 ml of buffer A at full speed for 1 min in a Willems polytron PT20-ST (Brinkmann Instruments, Inc.). After filtration through six layers of cheesecloth, the supernatant was centrifuged at 10,000g for 30 min. Chromatin was scraped from underlying starch, suspended in 25 ml of buffer B containing 1% (v/v) Triton X-100 using a glass Teflon homogenizer, filtered through Miracloth (Calbiochem), and centrifuged at 12,000g for 10 min. The pellet was rewashed once more in buffer B plus 1% (v/v) Triton X-100, followed by two washes in buffer B. Chromatin was suspended in buffer C containing 1 M sucrose and layered over a pad of 1.8 M sucrose in buffer C.
The gradient was stirred gently to disrupt the interface and centrifuged for 1 hr at 90,000g. The starch-free, gelatinous pellet was suspended in buffer C.
Isolation of Nudei. Nuclei were isolated according to the method of Chen et al. (3) . Fifty g of tissues were finely minced with razor blades and homogenized in 100 ml of buffer D using a Willems polytron Pt2O-ST set at 4.5 for 1 min. Homogenates were filtered through six layers of cheesecloth and centrifuged for 30 min at 2,500g. Nuclear pellets were scraped from underlying starch and suspended by gentle vortexing in buffer D containing 0.25% (v/v) Triton X-100. The suspension was filtered through 25-,um Nitex mesh (Tet/Kressilk, Elmsford, N.Y.) onto a pad of buffer E. The gradient was stirred gently to disrupt the interface and spun at 12,000g for 30 min. The pellet, containing nuclei, some nucleoli, and some starch grains, was suspended in buffer D.
DNA and Protein Determinations. Samples of nuclei or chromatin were precipitated with cold 10% (w/v) trichloroacetic acid, and the precipitates were suspended in 0.1 N NaOH for Lowry protein determinations using BSA as a standard (19) .
Additional aliquots were precipitated in cold 0.5 N HCl04 for DNA determinations according to Burton (1) using CsCl-purifled calf thymus DNA as a standard.
Phosphorylation Assays. Carrier-free [y-32PJATP was prepared enzymically (31 Aliquots of the various protein fractions were precipitated in triplicate for counting on GF/A filters. Additional aliquots were removed for protein determinations. The remaining material was retained for acrylamide gel electrophoresis.
Electrophoresis. Electrophoresis of total, supernatant, salt wash, and nonhistone protein was performed on gradient polyacrylamide SDS gels according to Schwartz and Roeder (32) . Gel slabs (0.75 mm x 10 cm x 14 cm) were cast in a slab gel apparatus (Hoeffer Instruments Co., San Francisco). Separation gels contained from 8 were diffusion-destained in 10% (v/v) acetic acid. Molecular weights were calculated from the mobilities of the following standards: y-globulin, 160,000 daltons; BSA, 67,000 daltons; ovalbumin, 44,000 daltons; chymotrypsin, 23 ,000 daltons; myoglobin, 17 ,000 daltons; and Cyt c, 13,000 daltons.
Electrophoresis of acid-soluble basic protein was carried out in urea-acetic acid gels prepared according to the procedure of Panyim and Chalkley (24) using the same slab gel apparatus. For polymerization, it was necessary to increase the ammonium persulfate concentration to 0.4% (w/v). Slabs were preelectrophoresed at 10 mamp/slab using basic fuchsin as a tracking dye. Ethanol-precipitated samples were washed once in ethanol-ether (2:1), three times with acetone, dried under vacuum, and suspended in freshly deionized 8 M urea, 0 (Fig. 1, inset) .
Whether other nucleotide triphosphates will support chromatin phosphorylation is unknown, but purified protein kinase from soybean chromatin will not utilize either GTP, CTP, or UTP as (22) . Neither cAMP at 10-3 or 10-5 M nor 2,4-D at 10-5 or 10-7 M has any significant effect on chromatin phosphorylation or on purified soybean chromatin protein kinase activity (22) .
Identity of Labeled Products. To determine whether any of the label was incorporated into nucleic acids, samples of in vitro labeled chromatin and nuclei were subjected to sequential RNase and DNase digestion; these results are shown in Table I the authors) to demonstrate the correlation between maximal nuclear protein phosphorylation and the onset of increased RNA synthesis.
To examine the mechanism of the increased phosphate incorporation, nuclei prepared after varying periods of 2,4-D treatment were extracted with 250 mm ammonium sulfate and the extract assayed for protein kinase activity using casein as an artificial substrate (Fig. 3b) . Protein kinase activity increases substantially after 12 hr of treatment and remains at high levels until 36 hr after treatment. This discrepancy between the period of maximum nuclear protein phosphorylation and maximum protein kinase activity has been observed in other systems and has been interpreted to indicate that other factors, such as the rate of phosphate turnover and substrate protein susceptibility to phosphorylation, are involved (4) . Protein phosphatase activity in intact nuclei was not assayed. However, since chromatin isolated from auxin-treated tissue shows higher levels of in vitro phosphorylation (Fig. 1) as well as higher associated protein kinase activities (22) , but no detectable protein phosphatase, it is probable that increased protein kinase activity is in part responsible for the response in intact nuclei. Regardless of the mechanism, it is clear that auxin treatment does lead to enhanced nuclear protein phosphorylation in vitro, and that maximal phosphorylation correlates with the onset of auxin-enhanced RNA synthesis (13) .
Protein Classes Phosphorylated. Nuclei were isolated from mature soybean hypocotyl after 0 to 72 hr of 2,4-D treatment and incubated with [y-32P]ATP do determine the extent of phosphorylation in various classes of nuclear protein. Table III describes protein recovery and 32Pi recovery during extraction and fractionation of nuclear proteins. Since no significant differences were observed during the fractionation of nuclear proteins from either auxin-treated or untreated tissue, the results have been averaged. About 50% of the total protein containing 49% of the trichloroacetic acid-precipitable 32Pi remains in the reaction supernatant and is thus loosely associated with the nucleus. Another 9% of the protein and 9% of the label are dissociated with 0.15 M NaCl. Acid-soluble histones and nonhistone basic proteins constitute some 9% of the total nuclear protein and 4% of the total label. Nonhistone chromosomal protein (about 20% of the nuclear protein and 18% of the 32Pi) is removed from acid-dehistonized nuclei by 1% SDS.
To determine whether 2,4-D treatment causes a specific increase in the phosphorylation of any particular class of nuclear protein, specific activities of in vitro phosphorylated nuclear protein fractions were determined following isolation from mature tissue after 0 to 72 hr of 2,4-D treatment. Specific activities for each class of proteins were normalized (based on the specific activity of total nuclear protein from untreated nuclei) and averaged (Fig. 4) . Although the standard deviations are large, the increased specific activity of total nuclear protein up to 24 hr and the subsequent decrease by 72 hr are evident in the supernatant, salt wash, and SDS-soluble nonhistone protein fractions. Auxin treatment has lesser effect on phosphorylation of the acid-soluble basic nuclear proteins. Samples of each protein fraction were then subjected to acrylamide gel electrophoretic analysis.
Electrophoretic Analysis of Nudear Protein Phosphorylation. Protein profiles and corresponding autoradiographs of nuclear proteins after SDS-acrylamide gel electrophoresis are shown in Figure 5 . The length of autoradiography varied for each fraction of nuclear protein. Hence, relative differences in exposure (and thus 32Pi incorporation) are comparable only among the different 2,4-D treatments within each set of gels. Protein profiles of total nuclear protein are virtually identical at all times after auxin treatment (Fig. 5a ). There may be slight reductions in several high mol wt components (160,000 and 120,000) after 36 hr of treatment and an increase in a 20,000 dalton component between 24 and 72 hr. Autoradiographs show increased phosphorylation in 108,000, 48,000, 40,000, and 28,000 dalton components up to 36 hr, followed by decreases in all components by 72 hr. Histone bands are evident on the total nuclear protein gels, but there is little or no 32Pi in these regions.
The supernatant nuclear proteins show many similarities to total nuclear protein upon electrophoretic analysis (Fig. Sb) . Auxin treatment has no effect on the supernatant nuclear protein profiles. Phosphorylation in this fraction appears primarily in proteins of mol wt lower than 67,000. Some increase in the phosphorylation of 48,000 and 30,000 dalton components is evident 24 hr after treatment. Salt wash nuclear proteins are identical at any time after auxin treatment except for a possible increase in a 44,000 dalton component after 24 hr (Fig. Sc) . There is a striking increase in the phosphorylation of a 48,000 dalton protein by 24 hr, as well as increases in the labeling of several high mol wt components (160,000, 124,000, and 108,000).
No alterations in protein profiles after auxin treatment are evident in the SDS-soluble nonhistone protein fraction (Fig.  5d ). Phosphorylation in this fraction occurs primarily in higher mol wt proteins (i.e. in those greater than 48,000). Auxin treatment results in an increase in 32Pi incorporation into 94,000, 77,000, and 48,000 dalton proteins. As with the other fractions, phosphorylation in all fractions decreases after 24 to 36 hr.
Basic proteins were analyzed on urea-acetic acid acrylamide gels (Fig. Se) . Because higher plant histones do not correspond precisely to animal histones, identification of histones F3, F4, F2a, and F2b is based on the work of Spiker et al. (36) .
Designation of F, was based on its constant ratio to the other histones and its preferential loss of Amido black stain when destained in ferric chloride solution (35 (10, 13 ). An additional correlation was found between transcriptional activity and in vitro phosphorylation in nuclei isolated from the apical region of the hypocotyl. In this region, auxin treatment reduces both RNA synthesis (13) and protein phosphorylation (22) . The data are significant in view of reports in other systems that protein phosphorylation is involved in the regulation of transcription (14, 37) .
The distribution of 32Pi in nuclear protein fractions agrees with results in other plant systems (2) from rat liver nuclei with 0.1 M NaCl (25) and that these particles are released from nuclei after incubation in media containing ATP (29) . Ribonuclear protein particles isolated from in vivo labeled rat brain nuclei contain a large amount of phosphoprotein (7) . Any material released from soybean nuclei incubated with ATP would have been present in the supernatant fraction. In view of the observed auxin-enhanced RNA synthesis in soybean (13) , it is possible that many of the proteins in the supematant and in the salt-soluble nuclear protein fractions are involved in the packaging of RNA. Compared to the other protein fractions, histone phosphorylation is low, if not nonexistent, in in vitro labeled soybean nuclei, and there is little detectable effect of auxin treatment.
In vivo labeling in many systems has shown that histones Fl, F2a2, and F3 are highly phosphorylated during cell proliferation (11) . Histone modification generally occurs during or shortly after histone synthesis (6, 28) and most histone kinases have been shown to be localized in the cytoplasm (17) . Only about 8% of the total cellular histone kinase activity could be detected in soybean nuclei. While some auxin-enhanced histone kinase activity was observed in intact nuclei, the level of activity was at least 10-fold lower than the nonhistone protein kinase activity (data not shown). Purified nonhistone protein kinase from soybean will phosphorylate histone about 10% as effectively as casein, and thus the histone kinase activity in nuclei is probably artifactual (22) . Auxin does stimulate cell division in the soybean hypocotyl (13) and thus probably does cause increased histone phosphorylation in vivo, but such modification should not be detectable in in vitro labeled nuclei.
Autoradiographs show that most of the phosphorylation in the acid-soluble basic protein fraction is in low mobility nonhistone basic proteins. The most highly phosphorylated protein (band B) shows a substantial increase in phosphorylation after auxin treatment. Although band B does show similar mobility to calf thymus histone Fl, it is not thought to be histone because it is present in variable ratio to the identifiable histones. Furthermore, if band B is an F1 histone, the in vitro system is displaying a surprising degree of specificity, inasmuch as F2a2 and F3 would also be expected to be highly phosphorylated. It should be emphasized that while band B is the most highly phosphorylated basic nuclear protein, it represents a very small percentage of the total incorporated phosphate. Because acid extraction immediately followed salt extraction, it is possible that band B represents a low level of carryover from the salt extraction. Pederson (26) has suggested that many nonhistone proteins found in chromatin or nuclei are artifacts from ribonuclear protein particles; additionally, extensive phosphorylation of preribosomal protein particles has been demonstrated in Novikov hepatoma cells (23) . Phosphorylation of soybean ribosomal proteins has been demonstrated (39) . Since auxin is known to cause increased ribosome synthesis in soybean (13) , it is possible that many of these nonhistone basic proteins reflect auxin-enhanced ribosome synthesis.
The SDS-soluble nonhistone protein fraction most closely corresponds to the nonhistone nuclear acidic proteins believed to be responsible for specific template regulation in a number of other systems (14, 33, 37) . Accordingly, this fraction was expected to show the most extensive changes in phosphorylation after 2,4-D treatment. While there are changes in the level of phosphorylation in several nonhistone proteins, the data show the most dramatic differences in phosphorylation occurring in the supernatant and salt wash fractions. This does not rule out the possibility that many of the tightly bound nonhistone proteins are involved in template regulation. One may postulate that many proteins involved in template regulation would have to be capable of interacting with a number of nuclear recognition sites and thus would not be tightly bound. If such were the case, many of these proteins may have been removed at earlier stages of fractionation. Extreme phosphoprotein heterogeneity and limitations of resolution in the gel systems used make conclusions on 2,4-D-specific regulatory phosphoproteins difficult.
The data indicate that the predominant effect of 2,4-D is an increase in the phosphorylation of protein fractions that are easily removed from the nucleus. It is clear that 2,4-D-enhanced phosphorylation takes place during a period when the cell is preparing to synthesize and export into the cytoplasm large amounts of mRNA and rRNA (10, 13) . In view of evidence in other systems that rRNA and mRNA are packaged into ribonuclear protein particles containing high amounts of phosphoprotein (7, 25, 29) , the majority of the changes in phosphorylation in soybean nuclei may be a result of increased RNA synthesis rather than a cause. Examination of the function of ribonuclear protein phosphorylation in 2,4-D-enhanced RNA synthesis may be an interesting area for further investigation.
